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Since the introduction of diffusion weighted imaging (DWI) as a
method for examining neural connectivity, its accuracy has not been
formally evaluated. In this study, we directly compared connections
that were visualized using injected neural tract tracers (WGA-HRP)
with those obtained using in-vivo diffusion tensor imaging (DTI)
tractography. First, we injected the tracer atmultiple sites in the brain of
amacaquemonkey; second, we reconstructed the histological sections of
the labeled fiber tracts in 3D; third, we segmented and registered the
fibers (somatosensory and motor tracts) with the anatomical in-vivo
MRI from the same animal; and last, we conducted fiber tracing along
the same pathways on the DTI data using a classical diffusion tracing
technique with the injection sites as seeds. To evaluate the performance
of DTI fiber tracing, we compared the fibers derived from the DTI
tractography with those segmented from the histology. We also studied
the influence of the parameters controlling the tractography by
comparing Dice superimposition coefficients between histology and
DTI segmentations. While there was generally good visual agreement
between the two methods, our quantitative comparisons reveal certain
limitations of DTI tractography, particularly for regions at remote
locations from seeds. We have thus demonstrated the importance of
appropriate settings for realistic tractography results.
© 2007 Elsevier Inc. All rights reserved.
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Introduction

Tracing neural connections lies at the heart of neuroanatomy and
has profound implications for studying neural function as well as
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developmental and adult plasticity of the nervous system. It is also
important for studying neurodegenerative diseases, and planning
neurosurgical procedures, such as tumor ablation. Methods for
tracing connections in the brain have a long history, beginning with
those based on lesions and the resulting retrograde or antero-grade
degeneration (Nissl in 1894,Marchi in 1886 andNauta andGygax in
1954). Subsequent methods have exploited the axonal transport of
specific molecules, beginning with horseradish peroxidase (HRP)
(La Vail and La Vail, 1972), which opened up a new era in
neuroanatomy. This was followed by the discovery of a host of other
tracers including small fluorescent molecules Bentivoglio et al.
(1980); Kuypers and Ugolini (1990), lectins (Schwab et al., 1978),
neurotrophins (Hendry et al., 1974), neurotoxins (Stoeckel et al.,
1977), dextrans (Glover et al., 1986) and, more recently, carbo-
cyanine dyes (Honig and Hume, 1986), latex microspheres (Katz et
al., 1984) and viruses (Kuypers and Ugolini, 1990). While fur-
nishing a powerful armamentarium with which to study connections
in the brain, these methods, separately, and in combination, are
highly invasive. Moreover, any histological visualization of the
transported substance requires sacrifice of the experimental animal.

In the 1970s, water diffusion magnetic resonance imaging was
introduced and later used for medical applications (LeBihan et al.,
1986). With the introduction of diffusion tensor imaging (DTI),
Basser et al. (1994) proposed representing the water diffusion
coefficient distribution in all the directions of space as a tensor in each
voxel. A reconstruction of the white matter pathways was later
proposed based on this tensor model (Mori et al., 1999; Basser et al.,
2000; Poupon et al., 2000; Westin et al., 2002). White matter tracto-
graphy based onDTI became the first non-invasive, in-vivo technique
for gross fiber tract tracing. Since then, many advanced methods and
models have been proposed to improve the quality of the tractography
(Tuch, 2004; Peled et al., 2006). The underlying assumption of
diffusion-based tractography is that the water diffusion coefficient is
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higher along the long axis of axons rather than perpendicular to it.
Thus, the explicit quantity measured is water diffusion and not fibers.
Moreover, since MRI methods typically calculate a macroscopic
measure of a microscopic quantity (necessarily entailing intravoxel
averaging), the voxel dimensions obtained influence the measured
diffusion tensor at any given location in the brain.

As the sophistication of DTI tractography algorithms increases,
it becomes essential to validate the results. These tractography
techniques are already used in many neuroscience studies (see
Mori and Zhang, 2006 for a review). It seems clear that DTI
reveals gross connectivity as described in atlases based on
histology (e.g. Nolte, 2002), but, as of yet, no rigorous validation
of these techniques has been done. In particular, the performance of
DTI tractography has not been established with respect to fiber
decussations and the transition of fibers through a relay.

In evaluatingDTI tractography, threemain approaches have been
proposed. The first is based on artificial ex-vivo data (phantoms)
representing fibers and scanned using DTI (Lin et al., 2003; Perrin et
al., 2005). A comparison between the known geometry expected and
the DTI tractography is performed to evaluate the quality of the
match. Although these studies constitute the natural first step in
evaluating DTI tractography, they do not test DTI data in real
physiological conditions.

The second approach relies on the in-vivo injection of manga-
nese, an MRI visible enhancement contrast agent that can stain
neural pathways. A comparison between the DTI image of
principal direction (first eigenvalue) and the manganese stain
distinguishable on the MRI image is proposed (Lin et al., 2001,
2003). While these studies are promising, to consider the
Manganese as a gold standard would be premature since its
specificity to trace neuronal connections is still being investigated
(see Saleem et al., 2002 for an evaluation study using WGA-HRP
as reference like in our study).

The third approach utilizes atlases based on histology or directly
histological sections that are stained with a general cell marker such
as cresyl violet; these slides, in turn, are compared to DTI images of
principal direction (Xue et al., 1999; Stieltjes et al., 2001; Catani et
al., 2002; Zhang et al., 2005). The histological approach is the most
direct method of validation; however, this methodology cannot
directly visualize axonal projections as can be done with neuronal
tract tracers. Moreover, these studies were performed in 2D.

Thus, to improve upon the histological approach, we utilized a
classical neuronal tract tracer injected directly into the brain of a
macaque monkey. Labeled fibers, subsequently revealed on
histological sections, were directly compared with corresponding
tracts calculated from the in-vivo DTI data for the same animal.
Our group presented preliminary qualitative results on post-
mortem DWI data of the fixed brain acquired following sacrifice
in Peled et al. (2005); Dauguet et al. (2006).

Materials and methods

MR image acquisition

We performed in-vivo MR imaging of a macaque monkey brain
on a 3 T General Electric MRI scanner; next, we conducted
anatomical T1-weighted imaging using a standard 3D fast SPGR
sequence with voxel dimensions 0.5×0.5×1 mm3. We performed
DTI using a line scan diffusion imaging sequence (LSDI) sequence
(Gudbjartssonet al., 1996)withonebaselineT2 (b-value=5ms/mm2)
and 6 gradient directions with b-value of 750 ms/mm2. The
acquired voxel dimensions were 1.5×1.5×1.5 mm3 zero-padded
in-plane and interpolated between slices to 0.75×0.75×0.75 mm3.
We utilized LSDI, as opposed to echo-planar imaging (EPI),
because of its robustness in the face of magnetic susceptibility-
induced artifacts.

Brain injection

Using procedures approved by the Harvard Medical Area
Standing Committee on Animals, we performed craniotomies on
the macaque under general anesthesia and pressure-injected 4%
Wheat Germ Agglutinin conjugated to HRP (WGA-HRP) in sterile
water under microscopic stereotaxic guidance.

Though we use the term in the discussion below, WGA is not a
“stain” per se; it is rendered visible using a standard histochemical
reaction. Five 0.2 μl injections were performed along both the pre-
and post-central gyri. Three days later, we sacrificed the monkey; it
was perfused with aldehyde fixative and the brain removed from
the skull (see Berezovskii and Born, 2000 for more details concer-
ning post-processing of the tissue).

Brain sectioning and histo-chemistry

We separated the brain into two blocks to facilitate sectioning and
fixation. Next, we serially sectioned the entire brain in the coronal
plane (80 μm thickness) using a freezing, slidingmicrotome. Prior to
cutting each section, we photographed the block face using a rigidly
mounted Hasselblad camera with a 25 megapixel Phase 1 digital
back to facilitate subsequent 3D reconstruction.

Every eighth section was reacted for WGA-HRP using tetra-
methyl benzidine (Mesulam, 1978), producing a series of 90
sections spanning the entire brain. We then mounted these sections
on glass slides and scanned them using both a GE Healthcare
Amersham Typhoon 9410 in fluorescent transparency mode at 100
μm resolution and a regular flatbed scanner in reflection optical
mode at 400 dpi resolution. Fluorescent scanning optimizes the
gray/white matter contrast for registration purposes, whereas
optical scanning allows differentiation of fiber staining for
segmenting the bundles. A linear combination of these two scans
produced a hybrid image with both good contrast and clear fiber
staining. In this linear combination, the optical scanning images
were inverted producing white areas of HRP-reacted tissue.

Photographic volume and spatial alignment

We first selected and stacked the block face photographs cor-
responding to the subset of stained and mounted histological slices;
second, within each of the anterior and posterior blocks, directly
stacked the block face photographs slice by slice; and third,
assembled the anterior and posterior blocks together using an affine
transformation estimated between the two sections facing at the
intersection of the blocks. Within each block, the stack of photo-
graphs was directly 3D-consistent since we took each photograph
repeatedly in the same position, section after section. Therefore, to
render the whole block face volume 3D-consistent, we applied the
affine transformation to stick the two blocks together. We refer to the
resulting image data set as “the photographic volume”.

We then co-aligned each histological slice on the corresponding
photograph using per-hemisphere affine registration, which is
accomplished by automatically segmenting the hemispheres and
estimating an individual 2D affine transformation for each one
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(Dauguet, 2005). The resulting volume of histological slices was
geometrically similar to the 3D-consistent photographic volume;
hence, we refer to this as “the histological volume”.

We have estimated a 3D affine transformation followed by an
elastic B-splines transformation (Free Form Deformation, FFD,
Rueckert et al., 1999) between the photographic volume and the
anatomical MRI data to compensate the mechanical and physio-
logical deformations between the in-vivo and post-mortem brains
(see Delzescaux et al., 2003). The cubic B-splines transformation
was estimated by optimization of the mutual information criterion
(Viola and Wells, 1997) using two pyramidal levels (level 1: grid of
6×8×4 control points and downsampling of the images by 2 in
each direction; level 2: grid of 12×16×8 control points and full
resolution). Finally, we applied these transformations to the histo-
logical volume to measure both MRI data and histological volume
in the same geometry.
Tracing fiber bundles on histological volume and DTI data

We manually segmented the HRP-reacted regions within the
histological volume by tracing them through the histological slices
in both the original orientation as well as in the reformatted
orthogonal views. Next, we segmented the histological volume
before the elastic transformation to achieve better delineation and
then resampled it in the MRI geometry.

For the DTI tractography, we segmented the injection sites
visible on the histological volume (an accumulation of staining with
high intensity) and then selected this region (defined for both pre-
and post-central gyrus injections) as the seed region for the tracto-
graphy performed in the DTI volume.
Fig. 1. Optical scan (a) and fluorescent scan (b) of a WGA-HRP stained section, wh
volume in coronal (c), sagittal (d) and axial (f) views. The tracts of interest are vis
We utilized a standard hyperstreamline-based method for per-
forming tractography (Westin et al., 2002) from the seed region.
Specifically, we decided to study separately the influence of the
fractional anisotropy (FA), radius of curvature (R) and discrete
integration method step size (S) settings on the tractography
performed. We performed all tractography tests with the 3DSlicer
toolkit and viewer (readily available at http://www.slicer.org).While
studying the influence of one parameter, the two others were set to
their respective default values (FA=0.15, R=0.5 mm, S=0.5 mm).
For each measurement, we converted the result of the DTI tracto-
graphy into a binary image where voxels were colored from tracts
and used for further comparison.

Using the Dice coefficient (a superimposition score between
two regions, Dice, 1945), we evaluated the similarity between the
segmentation derived from histology and the DTI tractographies
performed with the different settings tested. More precisely, if we
denote card(X) (for “cardinal”) the number of elements (or voxels)
in any region X, the Dice coefficient D between two regions A and
B is defined as:

D A;Bð Þ ¼ 2cardðA \ BÞ
ðcardðAÞ þ cardðBÞÞ ð1Þ

We have excluded the seed regions (always common to both
histological and DTI segmentations) from the estimation of the
Dice coefficient so as not to bias the measurement.

Furthermore, to better understand the distribution of the fibers
derived from the DTI tractography outside of the histological
segmentation, we computed the Dice coefficient with a tolerance
on the superimposition of two voxels controlled by a distance
parameter e. If the distance from a voxel of the histological seg-
ich are combined to create a hybrid image. Reconstructed hybrid histologica
ible in bright white.
l

http://www.slicer.org
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mentation (set A) to a DTI fiber (set B) is less than e (in mm), the
voxel is counted in the DTI segmentation. This is equivalent to re-
writing the Dice formula as follows:

D A;B; eð Þ ¼ 2cardðA \ DilAðB; eÞÞ
ðcardðAÞ þ cardðDilAðB; eÞÞÞ ð2Þ

where DilA(B, e)={x∈Dil(B, e) |x∈A} stands for the special mor-
phological dilation applied to B only if the added voxels belong
to A (we noted Dil(B, e) the classical morphological dilation with
radius e and a cubic structural element applied to B). The setting
e=0 corresponds to the classical Dice coefficient between A and
B; for any e value, D(A, B, e) ranges from 0 (no overlap) to 1
(A=DilA(B, e)).
Fig. 2. Photographic volume in the in-vivo MRI geometry after 3D
reconstruction and elastic correction (left) compared to fractional anisotropy
(FA) image estimated from the DTI data (right). The segmented injection
sites used as seed regions are shown in orange. From top to bottom: coronal,
sagittal and axial views.
Results

The fiber bundles defined by histology

The WGA-HRP injections revealed the major connections in
each area including (1) the descending axons from primary motor
cortex through the internal capsule; (2) the ascending thalamocor-
tical fibers to somatosensory cortex; and (3) the transcallosal
pathways. The hybrid image, created as a linear combination of the
fluorescent scanning and the color-inverted optical scanning,
offered a good contrast for segmenting the staining using the
coronal, sagittal and axial orientations (see Fig. 1). After re-
sampling the 3D segmentation using the elastic transformation, we
mapped the histological tracts onto the MRI data.

The DTI tractography

Since the WGA-HRP stain diffused around the injection site,
the neighboring regions were similarly stained, and the injection
sites were clearly visible on the histological volume in the pre- and
post-central gyri. We mapped the segmented region onto the DTI
data (Fig. 2) and used this as the seeding area for the tractography.
The tractography algorithm relies mainly on the three parameters
mentioned above, which characterize the behavior of the tract
delineation. The fractional anisotropy (FA) threshold controls when
the tractography may be stopped; the radius of curvature sets the
tightest turn allowed; and the step size controls the spatial
discretization for the integration method. The settings tested
ranged from 0.00 to 0.60 with an increment of 0.05 for fractional
anisotropy; from 0.0 mm to 1.0 mm with an increment of 0.1 for
the radius of curvature; and finally, from 0.1 mm to 1.3 mm with an
increment of 0.1 mm for the step size.

Comparison

For each of the three settings, we identified a single maximum
peak value of Dice within the range of values tested for DTI
tractography (Fig. 3). These maximums are reported in Table 1 for
all the settings studied and for each of the four tolerance distances
tested. The volumes of the tractography segmentations correspond-
ing to the maximums were always greater than the volume of the
histological segmentation, which demonstrates the tendency of
DTI tractography to over segment on our data set the white matter
pathways connections leading to a high proportion of false
positives, as can be seen in Table 2 where all the volumes
reported. We can see also in this volume table that the tractography
segmentation got less constrained as the anisotropy and radius of
curvature settings increased, whereas it was the contrary for the
step size parameter. As could be expected in the definition of the e-
Dice coefficient D(A, B, e) (Eq. (2)), the number of false positives
did not depend on the distance parameter e since only true
positives were added in the special dilation of the tractography
segmentation. In Fig. 4, we show the results of the tractography
corresponding to these optimal settings along with the histological
segmentations. As mentioned before, we did not take the compact
cluster of very small fibers around the injection site into account
since we excluded the seed region from the Dice estimation to
avoid bias.

The Dice coefficient plotted relative to the fractional anisotropy
threshold in Fig. 3(a) stays stable until FA=0.25 before a
significant decline begins. The result of the DTI segmentation
was clearly robust relative to the setting of the fractional anisotropy
threshold within this range. Outside of this range, the fibers from
the DTI segmentation were truncated and seemed less pertinent
anatomically. The DTI tractography corresponding to the most
optimal settings was in good visual agreement with the histological



Fig. 3. Dice coefficient superimposition score between reference histological
tract segmentation and segmentation derived from DTI tractography
relatively to fractional anisotropy (FA) threshold (a), radius of curvature
(R) threshold (b) and step size (c). The distance parameter e defines the
distance in mm under which two pixels are considered superimposed.

Table 1
Maximum Dice superimposition coefficients between histological and DTI
fiber segmentation for different superimposition tolerance distances, e,
while either the fractional anisotropy threshold, the radius of curvature or the
step size is variable

Variable/e (mm) e=0 e=0.75 e=1.50 e=2.25

Fractional
anisotropy (FA)

0.32
(FA=0.10)

0.54
(FA=0.20)

0.68
(FA=0.25)

0.75
(FA=0.30)

Radius of curvature
(R in mm)

0.32
(R=0.8)

0.53
(R=0.8)

0.64
(R=0.8)

0.67
(R=0.8)

Step size (S in mm) 0.32
(S=0.90)

0.55
(S=0.80)

0.67
(S=0.50)

0.75
(S=0.50)
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segmentation, with few non-consistent branches outside of the
segmentation. Yet, the tract did not extend far down from the
injection seed region, and, with the exception of a single computed
tracing, the tract stopped right under the corpus callosum when
entering the thalamus where anisotropy drops down. The most
optimal setting found (FA=0.10) lies within the range of classical
values used for DTI tractography.

For small values of the radius of curvature, the constraint on
the curvature for some fibers was too low leading to non-realistic
tracts—see Fig. 3(b). On the other hand, the Dice coefficient
quickly dropped after the peak value because the constraint on the
straightness of the tracts was too high. The tractography
corresponding to the best match with histology was obtained for
a classical radius of curvature threshold value. The tractography
visually looked similar to the histological segmentation but seemed
to go further, especially for the branch going through the corpus
callosum, which continued to the cortex of the contra-lateral hemi-
sphere with a tight turn. High values of radius of curvature seemed
to facilitate tracing long fibers and going through regions of low
anisotropy like relays or synapses.

The influence of step size, shown in Fig. 3(c), did not seem too
high above the defaults value setting (S≥0.5 mm). The value
corresponding to the best matching with histological segmentation
(S=0.9 mm) was higher than expected, even though it is not
strongly meaningful since the plot is relatively at in this range of
values. The results of the DTI tractography for this setting were
again globally in agreement with the histological segmentation, but
they appeared somehow noisy with a few isolated and non-realistic
fibers. The smoothness of the fibers was also reduced compared to
the previous results.

The setting values of radius of curvature corresponding to the
maximum Dice coefficient were the same for all the different
values of the parameter e. This weak dependency suggests that the
shape of the segmentation obtained for these settings matched the
histological segmentation shape. As for the anisotropy and the step
size optimal values, they were shifted forward (corresponding to
more constrained tractographies) as the dilation parameter e
increased, suggesting larger shape differences with the histological
segmentation.

Discussion

The results globally show that the tracts derived from DTI
correlate well visually with the corresponding pathways derived
from direct tracing on histology, as shown in Fig. 4. In particular,
the crossing between the pyramidal tract and the corpus callosum
was handled correctly due to the high number of fibers traced from
the seed region.

However, the best Dice scores obtained were surprisingly
low. The segmentation of the staining on the histological volume
can be a first source of error. The WGA-HRP reaction product
accumulated in certain regions, and in others, did not saturate the



Table 2
Volume of the tractography (DTI) segmentation compared to the histological injection staining (INJ.), volumes of false negative (FN) and false positive (FP) regions for the 3 sets of tractography parameters tested
(FA, radius of curvature and step size) and for different e values

Variable e (mm) e=0 e=0.75 e=1.5 e=2.25

Volume (mm3) DTI INJ. FN FP DTI INJ. FN FP DTI INJ. FN FP DTI INJ. FN FP

FA 0 1622.53 1139.06 699.469 1182.94 2012.34 1139.06 309.656 1182.94 2225.81 1139.06 96.1875 1182.94 2309.77 1139.06 12.2344 1182.94
0.05 1622.53 1139.06 699.469 1182.94 2012.34 1139.06 309.656 1182.94 2225.81 1139.06 96.1875 1182.94 2309.77 1139.06 12.2344 1182.94
0.1 1595.95 1139.06 702.844 1159.73 1987.03 1139.06 311.766 1159.73 2202.61 1139.06 96.1875 1159.73 2286.56 1139.06 12.2344 1159.73
0.15 1501.45 1139.06 723.094 1085.48 1890.84 1139.06 333.703 1085.48 2121.19 1139.06 103.359 1085.48 2212.31 1139.06 12.2344 1085.48
0.2 1284.19 1139.06 761.062 906.188 1653.75 1139.06 391.5 906.188 1903.5 1139.06 141.75 906.188 2021.62 1139.06 23.625 906.188
0.25 1000.69 1139.06 823.5 685.125 1344.09 1139.06 480.094 685.125 1628.86 1139.06 195.328 685.125 1774.83 1139.06 49.3594 685.125
0.3 739.547 1139.06 907.875 508.359 1014.19 1139.06 633.234 508.359 1287.98 1139.06 359.438 508.359 1496.39 1139.06 151.031 508.359
0.35 553.078 1139.06 976.219 390.234 759.375 1139.06 769.922 390.234 966.516 1139.06 562.781 390.234 1133.16 1139.06 396.141 390.234
0.4 437.484 1139.06 1018.41 316.828 584.297 1139.06 871.594 316.828 753.891 1139.06 702 316.828 940.359 1139.06 515.531 316.828
0.45 378.844 1139.06 1044.14 283.922 469.969 1139.06 953.016 283.922 552.234 1139.06 870.75 283.922 637.031 1139.06 785.953 283.922
0.5 340.875 1139.06 1068.19 270 428.203 1139.06 980.859 270 501.609 1139.06 907.453 270 569.531 1139.06 839.531 270
0.55 328.219 1139.06 1076.2 265.359 410.484 1139.06 993.938 265.359 491.484 1139.06 912.938 265.359 557.719 1139.06 846.703 265.359
0.6 320.625 1139.06 1082.11 263.672 397.406 1139.06 1005.33 263.672 467.859 1139.06 934.875 263.672 530.297 1139.06 872.438 263.672

Radius (mm) 0 3950.86 1139.06 565.312 3377.11 4371.47 1139.06 144.703 3377.11 4487.06 1139.06 29.1094 3377.11 4512.8 1139.06 3.375 3377.11
0.1 3950.86 1139.06 565.312 3377.11 4371.47 1139.06 144.703 3377.11 4487.06 1139.06 29.1094 3377.11 4512.8 1139.06 3.375 3377.11
0.2 3936.94 1139.06 566.156 3364.03 4358.39 1139.06 144.703 3364.03 4473.98 1139.06 29.1094 3364.03 4499.72 1139.06 3.375 3364.03
0.3 3821.34 1139.06 568.688 3250.97 4244.06 1139.06 145.969 3250.97 4360.92 1139.06 29.1094 3250.97 4386.66 1139.06 3.375 3250.97
0.4 3397.78 1139.06 590.625 2849.34 3824.3 1139.06 164.109 2849.34 3956.77 1139.06 31.6406 2849.34 3985.03 1139.06 3.375 2849.34
0.5 3058.17 1139.06 611.297 2530.41 3465.7 1139.06 203.766 2530.41 3617.58 1139.06 51.8906 2530.41 3664.83 1139.06 4.64062 2530.41
0.6 2610.56 1139.06 637.031 2108.53 3016.83 1139.06 230.766 2108.53 3186 1139.06 61.5938 2108.53 3240.42 1139.06 7.17188 2108.53
0.7 2160.42 1139.06 655.594 1676.95 2570.06 1139.06 245.953 1676.95 2752.31 1139.06 63.7031 1676.95 2808.84 1139.06 7.17188 1676.95
0.8 1501.45 1139.06 723.094 1085.48 1890.84 1139.06 333.703 1085.48 2121.19 1139.06 103.359 1085.48 2212.31 1139.06 12.2344 1085.48
0.9 811.266 1139.06 880.875 553.078 1020.09 1139.06 672.047 553.078 1209.52 1139.06 482.625 553.078 1362.23 1139.06 329.906 553.078
1 550.547 1139.06 996.047 407.531 656.016 1139.06 890.578 407.531 729.844 1139.06 816.75 407.531 793.125 1139.06 753.469 407.531

Step (mm) 0.1 564.047 1139.06 973.688 398.672 702.844 1139.06 834.891 398.672 823.5 1139.06 714.234 398.672 924.75 1139.06 612.984 398.672
0.2 680.062 1139.06 936.141 477.141 838.688 1139.06 777.516 477.141 985.5 1139.06 630.703 477.141 1108.69 1139.06 507.516 477.141
0.3 775.406 1139.06 893.109 529.453 1017.14 1139.06 651.375 529.453 1223.44 1139.06 445.078 529.453 1355.91 1139.06 312.609 529.453
0.4 875.391 1139.06 856.828 593.156 1123.45 1139.06 608.766 593.156 1318.78 1139.06 413.438 593.156 1441.55 1139.06 290.672 593.156
0.5 1044.98 1139.06 810.422 716.344 1376.58 1139.06 478.828 716.344 1658.39 1139.06 197.016 716.344 1820.39 1139.06 35.0156 716.344
0.6 1203.61 1139.06 777.094 841.641 1574.44 1139.06 406.266 841.641 1836.42 1139.06 144.281 841.641 1963.41 1139.06 17.2969 841.641
0.7 1300.64 1139.06 752.203 913.781 1685.39 1139.06 367.453 913.781 1927.12 1139.06 125.719 913.781 2039.77 1139.06 13.0781 913.781
0.8 1498.08 1139.06 711.281 1070.3 1908.14 1139.06 301.219 1070.3 2110.64 1139.06 98.7188 1070.3 2197.55 1139.06 11.8125 1070.3
0.9 1605.23 1139.06 693.562 1159.73 2031.33 1139.06 267.469 1159.73 2219.91 1139.06 78.8906 1159.73 2291.62 1139.06 7.17188 1159.73
1 1805.62 1139.06 688.5 1355.06 2243.95 1139.06 250.172 1355.06 2428.31 1139.06 65.8125 1355.06 2492.44 1139.06 1.6875 1355.06
1.1 1904.77 1139.06 677.109 1442.81 2341.41 1139.06 240.469 1442.81 2517.75 1139.06 64.125 1442.81 2579.77 1139.06 2.10938 1442.81
1.2 1984.92 1139.06 683.859 1529.72 2444.77 1139.06 224.016 1529.72 2608.45 1139.06 60.3281 1529.72 2664.56 1139.06 4.21875 1529.72
1.3 2044.41 1139.06 697.781 1603.12 2482.73 1139.06 259.453 1603.12 2658.23 1139.06 83.9531 1603.12 2729.53 1139.06 12.6562 1603.12

The best settings for each e in terms of Dice scores (see Fig. 3 and Table 1) are indicated in bold.
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Fig. 4. Front, side and top views (from top to bottom) showing both the segmentation derived from histology (in blue) and the best results of the DTI tractography
(fibers in brown) for the three settings tested: anisotropy influence, curvature influence and step size influence (from left to right) inside a surface rendering of the
brain mask.
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fibers until near their terminals, thus making accurate tracing more
challenging. It is important to note that, although there was slight
uncertainty on the precise location of the fibers stained, there was
no ambiguity on the global shape of the tract as well as on the
connectivity described by the starting and ending points.

Furthermore, the global in-vivo/post-mortem registration could
have introduced some errors. The scheme utilized, as described in
Dauguet (2005), has been shown to perform with less than 3% error
on the global volume between the elastically corrected post-mortem
geometry and the MRI data. At the scale of a tract, the remaining
error could artificially make the superimposition score lower.

Using the HRP injection sites as seed regions appeared to be the
most objective way to trace the same fibers as those stained on the
histological sections. This strategy assumes that the saturation of
axons and the DTI tractography follow the same behavior. Even if
it is obviously globally the case, there appear to be minor
dissimilarities. For instance, for most settings, the DTI tractogra-
phy seeded from pre- and post-central cortex reaches the lowest
level of the brain (pons); whereas, the staining stopped before (see
Fig. 4). This may be due to the stain's inability to permeate a
particular region, or because the further the stain is from the
injection points, the less intense the stain. The horizontal branch of
fibers from the DTI tractography going to the peripheral cortex also
shows a divergence between both segmentations. This difference
lowers the superimposition score significantly since it does not
correspond to any branch of the histological segmentation. There is
a possibility that this branch is anatomically pertinent even though
it was not stained, or it may be an artifact of the tractography
algorithm. The recently widely used two-ROI approach based on
anatomical a priori anatomical knowledge approach could also
allow to perform more constrained tractography.

Therefore, the Dice coefficients estimated for e=0.75 mm
appear to be a reasonable choice to compensate for these errors.
Furthermore, Dice coefficients above 0.50 indicate that the number
of points in the intersection significantly increases when a tolerance
of one voxel is allowed, proving that a considerable proportion of
DTI fibers are not precisely inside, but less than a one voxel distance
away from the histological segmentation. These results are more
in agreement withwhat we expect visually. The remaining difference
is still significant between the two segmentations, suggesting a
cautious use of DTI tractography for fine measurements.

In summary, this study shows that DTI tractography identifies
the main white matter pathways correctly. However, the results are
dependent on the settings; and at the very fine fiber level, the
confidence level of the anatomical accuracy of the segmentation is
dramatically reduced. An example can be seen in Fig. 4: on the
frontal view, for results corresponding to the step size influence
(third column), fibers escaping from the main tract below the
corpus callosum do not seem to be anatomically pertinent.

As settings appear to be a key factor for pertinent DTI tracto-
graphy, a fine tuning of them is necessary to get reasonable results
for each study. The graphs obtained for the influence of the settings
suggest that the tuning of anisotropy threshold should not be too
high (FA≤0.15 for our data set). Furthermore, the tuning of the
radius of curvature threshold should be in a defined range of values
(0.4≥R≥0.8 for our data set), and the tuning of the step size
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should not be too low (S≥0.5 for our data set). The low Dice scores
obtained for small step values (Sb0.5) could be due to the difficulty
of the tractography algorithm to pass through regions of low
anisotropy (crossings, low end of fibers) when the progression step
is too small, causing an early ending of the segmentation. This might
be related to our specific data set, and to the fiber bundles tracked
(mostly rectilinear). These results depend on the DTI acquisition
parameters (resolution, number of directions, signal to noise ratio)
which obviously play a crucial role for the relevance of the
tractography performed, as well as the animal utilized in the study.

DTI tractography is an active research topic; new models aimed
at improving the quality of the segmentation, especially in complex
regions where fibers may cross, or in low anisotropy structures, are
regularly proposed. Modeling of two or more tensors in each
voxel, or using more complex distribution models for a diffusion
coefficient, is an emerging research area that may help in solving
these problems (Perrin et al., 2005; Bergmann et al., 2006; Peled
et al., 2006).

Conclusion

In this paper, we have presented results visually and quanti-
tatively comparing tracts derived from DTI tractography, and those
derived from histological sections of a macaque brain. To enable
direct comparisons, the data sets were spatially aligned to a
common coordinate system using non-linear registration methods.
To the best of our knowledge, this study is the first that compares
long-range connectivity derived from histology in 3D and results
from DTI tractography.

These results show, as expected, a general agreement between
the tracts derived from histology and those derived from DTI
tractography. However, we also note the influence of settings for
the DTI tractography, which need to be fine-tuned; this is a
necessary condition for pertinent fiber tracing. Moreover, sub-
stantial differences of location between the fibers were observed,
either due to accumulated errors in the global protocol or to
intrinsic imprecision of the tractography method tested, suggesting
a cautious use of DTI tractography for fine measurements.

Future work will include studies on how to incorporate more
complex diffusion models and tractography methods on different
regions of the brain and in pathological cases. Indeed, under-
standing better DTI tractography, thanks to histology comparison,
for patients with brain tumor or affected by neurodegenerative
diseases is the cornerstone of its potential clinical applications.
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